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NATIONALADVISORYCOMhUTITWFORAERONAUTICS

RESEARCHMEMORANDUM

FREE-FLIGHTPERFORMANCEOF16-IllCH-DIXMEN?R

SmmsoNIc RAM-JIKCUmTs .

Iv- PER?ORMANCEOFRAM-JETUNSTSDESIC+NE!DFORCOMBUSTION-CHM$3ER-I?WXT

MACEIWM6EROF 0.21AT FREE-STREAMMACHNUMBEROF1.6

OVERA RANGEOFFLIQiTCONDITIONS

By Momrd RabbandWarrenJ.North

.
An investigationof16-inch-diameterram-~etunitsunderfree-

flightconditionswasconductedto determineperformanceathighsub-
----

A sonic,transonic,andsupersonicvelocities.Full-scaleunitswere
releasedfroman airplaneat highaltitudesandacceleratedby the
enginethrustandtheforceofgravity.Dataforevaluatingthe
performancewereobtainedfromradio-telemeteringandradar-tracking
equipment.

PerformancedataoffourC-typeram-setunitsarepresented.
Theeffectsoffree-streamMachnumberandgastotal-temperature
ratioondiffuserp“ressurerecovery,external.kg coefficient,and “
thrustcoefficientarecorrelated.Thera@e offree-streamMach
numberwasfrom0.43to 1.83andthegas.total-temperatureratio
variedfrcnn1.0to 4.8. Combustiondatawithstabilitylimitsare

..

alsopresented.

A leancombustionlimitwasobservedata fuel-airratioof
0.032.At a higherfuel-airratioof0.059,combustionwasnotob-
se~edbelow2154poundspersquarefoot.Thetransonicminim
externaldragccefficientincre&edfrom0.14at a free-streamMach
numberof0.87to a maxipmmof0.31at a Machnumberof1.20.A
maximumthrustcoefficient’of0.73wasobservedata free-streenMach
numberof1.,64,gastotal-temperatureratioof4.2,andnetaccelera-
tion(excludinggravity)of4.3g‘s.

●
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INTRODUCTION

As partofa comprehensivestudyoftheperformanceofran-jet
engines,theNAC!ALewislaboratoryisconductingfree-flightinvestf-.
gation&of16-inch-diameterram-jetunits.Thepurpose.”ofthein-
vestigationsisto provideperfomanoe.andoperationaldataat suh-
sontc,transonlc,andsupersonicvelocitiesoffull-scaleram-jet
enginesoperatingunderactualflightconditionsovera rimgeof
combustion-chamber-inletvelocitiesandfize”l-airratios.

TheinvestigationsarebeingconductedofftheVirginiacoast
neartheNACALangleylaboratory.Theram-jetunitsarereleased
fromanairplaneathighaltitudesandacceleratedto supersonic ‘:..
velocitiesby theenginethrustandtheforceofgravity.In order
to obtaindataovera rangeofcombustion-chamber-inletvelocities,
fourram-jetdesigns(designated16-A,16-BY16-C,and16-D)of
varyinginletandoutletareasarebeinginvestigated.Theresults
obtainedfromdesigns16-A,16-B,and16-DarepresentedInrefer-
ences1 to3,respectively.Severalram-Jetunitsofeachdesignare
beinginvestigatedinordertoobtaindataat differentfuel-airratios.
Thefuelrequirementsoftheenginearemet..bypresettinga fuel
regulatorthatisactuatedby free-streamtotalpressure.Continu-
ousrecordsofdataareobtainedfrcmradio-telemeteringandradar-
trackingequipmentthroughouttheflight.

Fourrem-jetunitsoftheC t~, designedfora combustion-
chamber-inletMachnumberof0.21ata free--streamMachnumberof
1.6,arediscussedherein.The historiesoftheperformanceare
presentedforaltitudesfrom35,000feetto sealevelandfree-
streamMachnumbersfrom0.43to1.83.Theeffectsoffree-stream
Maohnumberandgastotal-temperatureratiosondiffuserpressure
recovery,dragooeffi.cient,andthrustcoefficientarecorrelated.
Combustiondatawithstabilitylimitsaraalsopresente~.

ThefourC-typeunitsdiscussedhereinaredesignated16-C-1,
16-C-4,16+-5,and16-C-6.(Unit16-C-2duplicated.dataalready
presented;16-C-3datawereunavailablebec&useofa failureinboth
thetelemeteringandtheradarrecords.)Theunitsaredes@ned
fora combustion-chamber-inletMachnumlerof0.21ata free-stream
Machnumberof1.6anda gastotal-temperatureratioof3.9witha
normalshockat
asto intercept
body(reference

theinlet; Thelipof-thediffuserisso located
theobliqueshockfromthespikeinthecentral
4)ata free-streamMachnumberof1.8.

“s
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A photograph
infigure1 anda
infigure2. All

ofa t~icalrsm-~etflight‘installationisshown
outawayviewofa typicalram-jetunitisshown
pertinentdimensionsoftheC-t~ rsm-~etunit—

arsgiveninfigure3. Ram-setunitC-6is~ incheslongerthan
~ theotherC-t~ models.By theadditionoftheextralength,the
t-i

fuelcapacityisincreasedfrom+ to10 gallons.

Thefuel“systemisillustrated“infigure4. Thefueliscon-
tainedina flexiblerubberbagthatissurroundedhy helicaltubes
containingheliumata pressureof3600poundspersquareinch.The
amountofregulatedheliumpressureavailableto collaysethefuel—
cellisproportionaltotheavailablefree-streamtotalpressure.
Thefuelisforcedthroughspring-loadedreducingvalvesandout
spraynozzlesintotheccmibustionchamber.Ran-jetunit C-1 had
threespring-loadedreducingvalves,whereasmodelsC-4,C-5,and
C-6hadfourspring-loadedreducingvalves.Thesevalvesopenat

. successivelyhigherregulatedpressures,whichpermitstheuseof
highpressuresat comparativelylowflowrates.Thearrangementsof
thesfiaynozzlesareshowninfigure5. Thefuelusedns 80-oc*ane

A gasoline[~-F-48b,Amendment-1,grade80 (unleadedwhitegasoline)].

Ram-jetunitC-1useda d.ucted-airfoil-ty??eflameholder,as
showninfigure6. Allothermodelsuseda rake-typeflameholder
(fig.7). Thetelemeteringsection,withoutthebatteries,isshown
infigure8. Thetailfinswereslottedinan efforttominimize
thermalstressesandwererivetedto theram-~etshell,es shownon
a typicalinstallationinfigure9.

A morecompletedescriptionoftheapparatus,theinstrumenta-
tion,the
equations
eludedin

proce&re,thegeneralmethodofcalculation,andthe
andnotationusedinthePerformancecomputationsisin-
reference2.

13XSULTSANDDISCUSSION

Ofthefourmodelsdiscussed,one(C-5)
thegreaterpartofitsflight,two(C-1and
burning,andtheother(C-4)didnotburnat
failureinthefuelsystem.

Timehistoriesoftheram-jetunifisare

hadsmoothburningfor
C-6)exhibitedrough
anytimebecauseofa

presentedinfigures10
to 13. Thesefigureshavebeenarrangedingroupsdescribing:(a)A
resultantflightconditions,(b)independentvariables,(c)diffuser

—.

i
.
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variables,(d)ccsnbustlon-ohamber-inletvariables,and(e)perform- b
antevariables.Thedashedlinesindfoateapproximatevaluesofthe -. .,._..:
data.

INffuserTotal-Pressure13eoovery .—

Thecorrelationbetweenthediffusertotal-pressurerecovery,
thegastotal-temperatureratioaorossthecombustionohamber,and
thefree-streemMachnumberisshuwninfi~e 14. Theoretical
valuesofdiffusertotal-pressurereooveryata free-streemhlach
numberof1.8andgastotal-temperatureratiosof2.0and3.0are
basedonone-dimensionalflow.Linesof.constantgastotal-
temperature’ratiohavebeenfair+dacoordin&tothecollective~ta
points..Thedashedlinerepresentsthetransitionfroma shook
existingwithinthediffusertono shockwtthinth&diffuser.

.-.
The

positionofthislinewasdeterminedby calculatingthevaluesof
thegasto’tal-tem~raturerationecessarytokeeptheshookat t’he
inlet(oriticalheataddition)asa funotionoffree-streamMaoh
numberandfairingthiscomputedcurvethroughtheexperimentalvalues
ofheataddition.At a free~streamklachnumberof1.71,atwhioh
thevalueforcriticalheatadditionis4.0,thepressurerecovery
forthisdiffuserwas0.84,

—

—
.—

—

.

.

Drag

Theexternaldraghasbeendefinedasthetotwd.charigeinmomen-
.. —

tumoftheairflowingoutsidetheram-jetunitandthereforeincludes-
theadditivedragatthediffuserinletaswellas thetotalexter- I
naldragon.theshellandthefins.Thus,a heatadditionsufficient
to altertheflowconditionsfo- ofthediffuserinletwould
ohangetheexternalCb%gcoefficientbecauseoftheeffectonadditive
andpressurebag. —

DragpointsfromunitsC-1,C-5,andC-6atReynoldstimbers
between107and108werecmpared(fig.15)withtheturbulent.
frictiondragcoefficientasgiveninreference5 forv@riousMach : . ......=
numbers.InthesubsonioMaohnumberran~e,theaveragedifference
of0.0006betweencalculatedexternaldragcoefficientandsmooth
flat-platedragmaybeattributedtopressuredragandadditive

—

drag(reference4). Inthetransonicrange,wherethedragcoef-
ficientincreasesabruptly,thedragri~eis-indicativeofthe
markedeffeotsofadditiveandpressuredrag. .....—

Theexternaldragcoefficientisalsoshowninfigure16fora A

range offree-streamMachnumbersfrom0.58to1.64andgastotal___
temperatureratiosof1.0to 4.8.

m

—.
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u A dashedlinehasbeendrawnthroughthedatathatarebelieved
to representminimumdrag.Thisminhuundragwouldresultfromheat
additionqbeluwthecritloalvaluethatwouldallowthemaxi?mzm
possibleairflowthroughtheunit. Thisoriticalheataddition
wouldvexyfroma gastotal-temperatureratioof1.0ata free-stream
Machnumberof0.6toa gastotal-temperaturemtio of3.9ata
free-streamMachnumberof1.6(fig.14).

8
z The&ragcoefficientdeoreasesfrom0.185to 0.14asthefree-

streamMachnumberincreasesfrcm0.58to 0.87(fig.16). A
tzransonic-dragincreaseoccursbetweenfree-streamMachnumbersof
0.87and1.20.Reliabledatainthisregionforburningunitsweke ,
unavailable,whichpreventedanevaluationofadditivedraginths
transonicrange.Ram-jetunitsC-6andC-1,however,gavegooddrag
datainthetransonicrangeforzeroheataddttion.

ThrustCoefficient
.

ThethrustcoefficientshownInfigure17isdefinedinrefer-
ence1 asthenetthrustdividedby fre~-streamincompressibledynamia* pressureandcross-sectionalarea.Thenetthrustistbedifference
inmomentumbetweenfree-streamandexitconditionsfortheairpass-
ingthroughthemm jetwherethepressuretezmhasbeenreferredto
free-streamstaticpressure.Themaxh.zmobtainedthmst coefficient
of0.73wasobservedata free-streamMachnumberof1.64,a gas
total-temperatureratioof4.2,anda netacceleration(excluding
gravity)of4.3g’s. Forblow-outconditions,-thethrustcoefficient
remainedfairlyconstantat -0.4.

Combustion

Ccnnbustionstabilityltiitswereencounteredinallthre~
mcdelsthatburned.Thesedataarepresentedintable1. UnitC-1
operatedat fuel-airratiosfrom0.060to 0.070andencountered
roughburningwhenapprmchingtherichlimit.Rem-JetunitC-5
ignitedata fuel-airratioof0.036,mmbustion-chsmber-inl.etveloo-
ityof256feetpersecond,o~bustion-chamber-inletstatiopressure
of1236poundspersquarefootabsolute,andmmbus%ion-chamber-
inlettemperatureof520°R. Figure18(a)shuwsa sampleofthe
telemeterreoordatthisigni~ionoonditionandfigure18(b)isa
photographicrecordofthisignition.A conditionofleaninstability
wasapproachedwithunitC-5(fig.19)underconditionsofcombustion-

. chamber-inletpressure,temperature,velooit, andfiel-airratio~of9042.poundepersquarefootabsolute,893 R, 338feetperseoond,
and0.037,respectively.At thesesameconditions,maximumocxnbustion

0 efficiencyof98percentwasobserved.
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UnitC-6experiencedbothlean-andmoderatelyrich-ignition
conditions.Thisunithada leanigdtion@tcombustion-~~ber-~nlet
conditionsofstaticpressure,temperature:,velocity,andfuel-air
ratioof 1153pounds~ersquarefoot,520 R, 344feetpersecond}ad
0.033,respectively.RicherIgnitionoccurredat cambustion-chamber-
inletconditionsofpressure,temperature,velcoity,andfuel-airratio
of2154poundspersquarefoot,5750R, 336feet~r second,and
0.059,respectively.Twoadditionalignitionpointsocou~d at
fuel-airratiosofapproximately0.048and-0.046andcombustion-
chamber-lnleiconditionsofpressure,temperature,andvelocityof
750and800poundspersquarefoot,480°a@ 520°Rjar@286and
293feetpersecond,respectively.“

Therangeofcombustionforthe16-C-5ram-jetunitwitha rake-
typefltieholder(fig.7)issh~ infigure19. Combustion-chber-
inletstatiopressureisplottedagainstfuel-airratiowithvalues
ofcombustion-chambertemperaturecorrespondingtogivenpressures
shownasanotherordinate.Linesofoonstantcombustionefficiency
arefairedthroughthedatapointsandvaluesof.c.ombustionefficiency
andcombustion-chamher-inletvelocityareshownas parameters.Other
factorssuohasfueldistributionandfuelatomization,whichaffected
combustion,couldnot%e evaluated.In orderto completetherange
ofcombustionlimits,pointsfromthe1,6-B.and16-Dmcdels(refer-
ences2 and3,respectively)withthesametypeofflameholderare
addedtothecurve.

A leanfuel-air-ratiolimitwasobservedtobe 0.032,whereas
therichlimitwasaffectedby thecombustion-chamber-inletstatic
pressure.Ccmibustionwasnotolservedtielowa combustion-chamber-
inletstaticpressu~of2154poundspersqua~footata fuel-air
ratioof0.059andcombustion-chamber-inletvelooltyof336feetper
second.Forthefuel-airratiosof0.033and0.048,combustiontis
notobservedbelowa combustion-chamber-hletW’estiureof1153and ‘
710pou@syer’squarefootwithcorrespondingvelocitiesof344and
286feetpersecond.

Figure20 showsthevariationofthefuel-consumptionparameter
~b~{fx3600

Fn-D
with“free-streamMachnumberfo~vaiioiisgastotal-

temperatureratio;.Lineeofconstantheat~addi~ionar{~~awn~~-ough..
thebta pointsand.aminimumvalueof4.3((lbfuel~r)/lbthrust-
drag)’wasobservednearthedesignMachnumberof1.6andgastotal-
temperatureratioof3.9. Thefuel-consump~ionpa-ter reaches_a 1.
minimumvalueat thefree-streamMachnumberandtotal-temperature
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givenfree-streamMachnumber,heatadditionbelowandabovethis
criticalvaluewouldincreasethefuel-consumptionparameter.For
lessthancriticalheataddition,theincreasewouldbe duetothe
lossofthrustaccompanyingthe dropinpressurerecoverywhenthe,
shockisswallowed.At higherheataddition,theeffectofadditive
dragistoreducethethrustminusdrag,withtheresultingincrease
inthefuel-consumptionparameter.

SUMMARYOFRESUL3S

Thefollowingresultswereobservedfromthe@ta offour16-
inch-diametersupersonicram-jetunitsoperatingundera rangeof
Machnumbersfrom0.43to 1.83andgastotal-temperatureratiosof
l.Oto 4.8: .

1. At a constantfree-streaml!achnumber,a demeaseingas
total-temperatureratiowasaccompaniedby a decreaseindiffuser
total-pressurerecovery.

2. Theminimumhag coefficientdecreasedfrom0.185to 0.14
asthefree-streamMachnumberincreasedfrom0.58to 0.87.A tran-
sonicdragrisebetweenfree-streemMachnumbersof0.87and1.20
raisedtheminimumdragcoefficientfrcm0.14to 0.31.Beyonda
l&chnumberof1.2,theminimum-drag-coefficientcurvegraduallyde-
creasedto 0.24at free-streamMachnumberof 1.58.

3. Themaximumthrustcoefficientof 0.73wasobserveiiata
free-streamMachnumberof1.64,a gastotal-temperatureratioof
4.2,anda netacceleration(excludinggravity)0$4.3g’s. Forno
heatadaition,thethrustcoefficientremainedfairlyconstantat
-0.4.

4. A leanfuel-airratiolimitwasobservedtobe 0.032,whereas
therichlimitwasaffectedby thecombustion-chamber-inletstatic
pressure.CombustionWasnotobservesbelowa combustion-chamber-
inletstaticpressureof2154poundspersqurefootata fuel-air
ratioof0.059andcombustion-chamber-fretvelocityof336feetper
second.Forfuel-airratiosof0.033and0.048,combustionwasnot
obsenedbelowa com~stion-chamber-inl-etpressureof1153and710
poundspersquarefootwithcorrespondingvelocitiesof344and286
feetpersecond.

5. Theobseneaminimumvalueofthefuel-consumptionparameter
of 4.3((lbfuel/hr)/lbthrust- drag)occurrednearthed.esf~l!ach
numberof1.6andheatadaitionof3.9.
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6. A maximumfree-streamMachnumberof1.83wasobtainedin .—. ...*-
unit16-C-5witha combustionefficiencyof98percent,a gastotal-
temperatureratioof3.6,anda thrustcoefficientof0.61.

-=?
d

LewisFlightpropulsionLabora.t,ory, .
National.AdvisoryCommitteeforAeronautics,

—
L

Cleveland,Ohio.
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TABLEI -‘COMBUSTIONSTABILITYILMITS
v

*

ModelTime
(see)

20.0-
41.7

Fuel-
air
ratio
0..060-
.070

hmbustion-chamber-~letvariables
..-

Condition
(a)velocity

(ft/see)

240-
290

Pressure
lb/sqft;
11oo-
3000

Temperature
(w

~ c-1
to
r-l

.—
Poorburningwith
associatedvilra-
tionof15-30Cps
rangingfrom
smalltolarge
amplitude

490-
610

.-:
c-5 27.4 0.036

0.037

256 >

338

1236

9042

.,

520 Ignition,follow-
edby smooth
burning
Approachingblow-
out,precededby
highfrequency
(67cps) burning
ofgraduallyin-
creasingszaplitude

893c-5

.

44.4

C-6 34.4 0.033 344 1153 560 Ignition,follow-
edby highfre-
quency(51cps)
lcw+unplitude
burning

—

-. -—

C-6 23.4E0.046b

=

0.059

293 830

710

2154

517

483

611

Ignition,follow-
edby Smooth
burning
Ignition,follow-C-6 19.0

50.0

286

336

edby fairly
smoothburning
Ignition,follow-
edby lowfre-●

ciuency(39cps)
andlargeempli-
tude

C-6

aRiohburning(fuel-airratiogreaterthan0.060)MS associatedlow
frequency-(15-40cps)andlargeamplitude.Leanburninghasas-
sociatedhighfrequency(50-70CTS)andsmellamplitude.

bApproxhmtevalues.
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Figure1.- 16-inohsupersonicram-Jetunitmountedbeneathairplanewing.

--’...-...-:: .:. .

ii+

ZzPEP-”.—

Fi@.m 2.- Cutawaytiewof16-inchram-setunitduringfreeflight.
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Model A B c D B Y G .H I J’ K L M Ii

0-1,2,3,4,5109.n 27.CM 66.433.00 10.00S4.202.00 10.0012.Z54.~2 1.5.94lQ.253.51 22.m

C-6 19e.0927.0694.613.CX310.0034.202.00 10.0012.z54.62 13.941.O.253.51 22.ca

Figme 3. - Sohamtiooroas-soetiomilMagn!mofaupnwonlcIA-inoh-di.mmter-jet uult.Dbenaicmagivenformlts
0-1,C-Z,C-3, C-4, C-5, - C-6.
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Figure5.- Nozzlearrangementonspraybar.
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(b)!l?hqee-querterreerview.

Figure7.-Rake-typeflsmeholderforeupersonloram-Jetunit
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16-C-4,16-C-5,ad 16-C-6.
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